A novel, efficient and controlled protocol for the synthesis and enhanced photocatalytic activity of Au@TiO 2 nanocomposite is developed. TiO 2 (P25) was pretreated by employing UV light (λ = 254 nm) and the pretreated TiO 2 was uniformly decorated by gold nanoparticles (AuNPs) in presence of sodium citrate and UV light. UV pretreatment makes the TiO 2 activated, as electrons were accumulated within the TiO 2 in the conduction band. These accumulated electrons facilitate the formation of AuNPs which were of very small size (2-5 nm), similar morphology and uniformly deposited at TiO 2 surface. It leads to formation of stable and crystalline Au@TiO 2 nanocomposites. The rapidity (13 hours), monodispersity, smaller nanocomposites and easy separation make this protocol highly significant in the area of nanocomposites syntheses. As-synthesized nanocomposites were characterized by TEM, HRTEM, TEM-EDX, SAED, XRD, UV-visible spectrophotometer and zeta potential. Dye degradation experiments of methyl orange show that type I (Au@TiO 2 nanocomposites in which TiO 2 was pretreated with UV light) has enhanced photocatalytic activity in comparison to type II (Au@TiO 2 nanocomposites in which TiO 2 was not pretreated with UV light) and TiO 2 (P25). This shows that pretreatment of TiO 2 provides type I a better catalytic activity.
Introduction
Gold has been considered as a fairly inert metal. However, gold at nano scale behave entirely different than the bulk material. It was established by Haruta 1,2 and Bond 3 a few decades ago by showing that, when gold is dispersed as small nanoparticles, it can catalyze several hydrogenation and oxidation reactions.
Gold/metal-oxide nanocomposites have become one of the scorching topics in catalysis, being widely used to many important reactions, such as CO oxidation, nitrogen oxide reduction, selective oxidation of propene, and photocatalytic oxidations. [3] [4] [5] [6] It has been confirmed by various studies that the catalytic property of Au/metal-oxide nanocomposites depends significantly on the size of AuNPs, interaction between Au and the supporting oxide, as well as the nanostructure of the active sites. 2, 3, 7 This is particularly true for the case of gold catalysts anchored on titania, a support of interest because of its synergistic effect in further facilitating the promotion of oxidation [8] [9] [10] and photocatalytic reactions. [10] [11] [12] For gold supported catalysts, different supports have been intensively explored, and their cooperative effects with gold particles were also explored. 13, 14 Among them, TiO 2 is a prominent one due to its easy availability, low-cost, stability and nontoxicity. 15 Recent investigations on goldTiO 2 nanocomposite also show that gold-doping improves the photocatalytic activity and extends the response of the TiO 2 catalyst into visible region. 16 Recent research suggests that Au@TiO 2 can be exploited in organic reactions as catalyst, 4,17-19 dye degradation, 10 degradation of phenolic compounds 10 and hydrogen production. 10, 15, 20 These applications could be more applicable if it expands towards the visible region of the spectrum. It is well established 10, 20 that it could be achieved by deposition/ doping metal oxides surface especially TiO 2 by noble metals such as Au, Ag etc. 21 The effect of pre-thermal treatment of TiO 2 is reported. 22 However, the pretreatment of TiO 2 by UV light before deposition of gold nanoparticles has not yet been documented. There are reports that upon pretreatment of TiO 2 electrons will get accumulated within the semiconductors. 23, 24 To inspired with this we decided to use these accumulated electrons for the reduction of Au 3+ at the surface of pretreated TiO 2 . Here our emphasis is to modify/ activate the TiO 2 by UV pretreatment and then deposit monodispersed AuNPs with small size by enhancing the rate of the reduction of Au 3+ at TiO 2 surface. Herein, we report an efficient synthesis and characterization of Au@TiO 2 nanocomposites using UV light (λ = 254 nm) as a tool to pretreat the TiO 2 and then deposit the AuNPs at the pretreated TiO 2 in presence of sodium citrate and UV light. Irradiation makes the overall process fast in comparison to other reported methods. 10, [25] [26] [27] [28] To the best of our knowledge, this is the first protocol to pretreat the TiO 2 by UV light and then uniformly deposit small size and similar shape of AuNPs at the pretreated TiO 2 in aqueous medium at 30 o C. But there are several reports that simultaneous UV irradiation at mixture of HAuCl 4 and TiO 2 affords Au@TiO 2 .
23,26-30 The as-synthesized nanocomposites was tested for photocatalytic activity to degrade methyl orange.
Experimental
Materials. TiO 2 (P25; Degussa), chloroauric acid (HAuCl 4 ·nH 2 O) (n = 3.6; Kojima Chemical, Japan), sodium citrate (Na 3 C 6 H 5 O 7 ·2H 2 O) (Duksan Pharmaceutical Co. Ltd. South Korea), extra pure NaOH and methyl orange (Duksan Pure Chemicals Co. Ltd. South Korea) was used as received. Deionized water was prepared in our laboratory by using PURE ROUP 30 water purification system.
Methods. UV lamp (Vilber Lourmat, 4 W, 230 V, 50-60 Hz, λ = 254 nm) was used to pretreat the TiO 2 and irradiate the reaction mixture. The as-synthesized catalysts were characterized by using UV-visible spectrophotometer (UV-1800, Shimadzu, Japan) and powder X-ray diffraction (XRD) was measured on PANalytical, X'Pert-PRO MPD with Cu Kα radiation (λ = 0.15405 nm). Diffraction peaks of crystalline phases were compared with those of standard compounds reported in the JCPDS data file. The gold particle size of the sample was measured by TEM and HRTEM (Tecnai G2 F20, FEI, USA) operating at an accelerating voltage of 200 kV equipped with energy-dispersive X-ray (EDX) analysis system. Nanocomposites were dispersed in ethanol and were sonicated for ten minutes by sonicator (BRANSON 5510) for TEM studies. Selected-area electron diffraction (SAED) images were recorded by the TEM instrument. The zeta potential of the Au@TiO 2 nanocomposites in aqueous solution were determined by using a Delsa™ Nano zeta potential (Beckman Coulter, USA).
Synthesis of Au@TiO 2 Nanocomposites. Au@TiO 2 catalysts were prepared by wet chemical method using HAuCl 4 ·nH 2 O (n = 3.6) as the gold precursor and commercially available TiO 2 in aqueous solution at 30 o C. Sodium citrate was used as a reducing agent to reduce the Au 3+ to Au
0
. The UV light source used was 4 W UV lamp, wavelength 254 nm. The irradiation time ranges from 3 hours to 20 hours with a stirring speed of 770 rpm. Two different types of Au@TiO 2 nanocomosites were synthesized following similar methodology except the time of irradiation and amount of UV light irradiated. Molar concentration of TiO 2 and gold precursor (HAuCl 4 ) was 2:1. In type I TiO 2 was pretreated by UV light while in type II, there was no pretreatment of TiO 2 . Our main focus will be on type I as it is a new protocol. Type II was control sample and it was compared with type I.
Type I: In this case, 5 mM TiO 2 was dispersed in 200 mL DI water and pretreated with UV light (λ = 254 nm) for 3 hours. To this solution, 2.5 mM HAuCl 4 was added dropwise and pH 9 was maintained by using 0.1 M NaOH. Color of the reaction mixture was whitish-golden yellow. Then 0.1 g sodium citrate was added and N 2 gas was sparged for 5 minutes to maintain the inert atmosphere. The reaction mixture was sealed and left for stirring with UV irradiation for 10 hours. At the end the color of the reaction mixture changed to brownish-purple with some precipitation.
Type II: In this reaction, 5 mM TiO 2 was dispersed in 200 mL DI water then 2.5 mM HAuCl 4 was added drop wise and pH 9 was maintained by using 0.1 M NaOH. Color of the reaction mixture was whitish-golden yellow. Then 0.1 g sodium citrate was added and N 2 gas was sparged for 5 minutes. The reaction mixture was sealed and left for stirring with UV irradiation for 20 hours. At the end the color of the reaction mixture changed to golden-brown with some precipitation.
At the completion of the reaction UV-visible absorbance was measured and absorption band was observed at 547 nm for type I and 537 nm for type II (Figure 4 ) which is the characteristic absorbance of Au@TiO 2 . The product formed in the type I and II was filtered off and repeatedly washed with DI water till all the Cl -was removed. The color of the isolated product in type I was brownish-purple and in type II was golden-brown. Colorless filtrate was obtained in both the cases which show the completion of the reaction.
Photocatalytic Activity. Photocatalytic experiments were performed as reported previously on methyl orange. 30, 31 In short, 13 mg of methyl orange was dissolved in 1000 mL of water and used for photocatalytic activity experiments. 20 mL of methyl orange solution was taken in vials and 5 mg of each catalyst (type I and type II) was added and irradiated with UV light of 254 nm wavelength for 4 hours. The original color degraded. Rate of degradation of the dye was monitored by UV-visible measurement of the reaction mixture at every 30 minutes by taking 1.5 mL of sample from each reaction vial, centrifuged and absorption was measured at 465 nm. Simultaneously, two set of blank experiments using TiO 2 and dye with UV irradiation and dye with UV irradiation were performed to see the combine effect of TiO 2 and UV light on the dye and the only effect of UV light on the dye, respectively. Combine effect of TiO 2 and UV light on the dye were observed but UV light alone did not show any degradation of the dye.
Results and Discussions
The morphology of the Au@TiO 2 nanocomposites was determined by TEM at low magnification as shown in Figure  1 (a) and 2(a) for type I and II respectively. It illustrates that the size of as-synthesized Au@TiO 2 nanocomposites are in 20-30 nm range, highly monodispersed and discrete.
32,33
Figure 1(b) and 2(b) shows respective representative HR-TEM images of individual Au@TiO2 for type I and II respectively. HRTEM image also shows the size of deposited AuNPs on TiO 2 surface which are in the range of 2-5 nm in type I and 15-25 nm in type II. In type I nanocomposites the AuNPs are of very small size (2-5 nm) with similar morphology and are uniformly deposited. In type II the size of deposited AuNPs are bigger than the type I and not uniformly deposited. The possible reason is that in type II, TiO 2 was not pretreated with UV light. From this it appears that pretreatment of TiO 2 helps to get small size, similar morphology and uniform deposition of AuNPs at TiO 2 surface. Similar TEM and HRTEM images were reported earlier for Au@TiO 2 nanocomposites synthesized by various methods.
32,34
Selected-area electron diffraction (SAED) of type I and II are shown in Figure 1 ly show well resolved lattice fringes, diffraction cycles and are indicative of a highly crystalline nature of the as-synthesized nanocomposites. It further confirmed the characteristic crystal planes of Au@TiO 2 which are concomitant with the XRD studies (Figure 3) . 32 To identify the element composition, an energy-dispersive x-ray (EDX) was employed with an accelerating voltage of 200 kV. It confirms the presence of element gold at TiO 2 surface (data not shown).
The phase of the as-synthesized Au@TiO 2 nanocomposites was determined by x-ray diffractometry (PANalytical, X'Pert-PRO MPD) with Cu Kα radiation. Figure 3 shows representative X-ray diffraction (XRD) pattern of type I and II Au@TiO 2 nanocomposites and confirmed its crystalline nature. XRD pattern shows the prominent diffraction peaks for planes of polycrystalline gold and TiO 2 (anatase and rutile phase). Some of the peaks of gold are overlapped with the peaks of TiO 2 . The XRD pattern also confirmed the formation of metallic gold at the surface of TiO 2 as well as overall formation of Au@TiO 2 nanocomposite and its crystalline nature. In each type of Au@TiO2 nanocomposite, the cubic lattice of crystalline gold peaks was detected in the patterns from the (111), (200), (220), (311) and (222) 26, 31, 35 The average of all the AuNPs peaks in the XRD spectra were used to calculate the average crystallite size by using the Scherrer equation and the full width at half maximum (fwhm). 34, 36 The calculated average size of the AuNPs in type I was 6 nm and type II was 25 nm which are very close to TEM and HRTEM values.
36
UV-visible spectroscopic measurement of the dispersed aqueous solution was recorded and shown in Figure 4 . AuNPs was synthesized to compare its surface plasmon band with Au@TiO 2 nanocomposites. It was synthesized as per reported method and its absorption maxima were observed at 529 nm as shown in Figure 4 (c).
37 For Au@TiO 2 nanocomposites the appearance of absorbance maximum for type I was at 547 nm (Figure 4(a) ) and type II was at 537 nm (Figure 4(b) ), which are typically ascribed to the surface plasmon absorbance of Au@TiO 2 . It indicates the formation of almost spherical AuNPs at TiO 2 surface. 33, 35 It is well known that as the concentration of gold on titania increases the surface plasmon absorbance bands shifts towards higher wave length. 27, 35 It is clear from Figure 4 that bands were red shifted for nanocomposites as the concentration of deposited AuNPs on TiO 2 surface has increased. This also indicates an interaction between the gold nanoparticles and the titania support. 35 According to Mie theory, metal nanoparticles like Au will show a surface plasmon band within the range of 500-550 nm.
38 Similar UV spectra for monodispersed nanocomposites system have been already reported.
27,39,40
The zeta potential of the Au@TiO 2 nanocomposites in aqueous solution were measured which reveals that a surface potential of +38.21 mV for type I and +6.16 mV for type II implying that Au@TiO 2 are positively charged. Type I was showing high zeta potential value, which indicate its stability in solution. 27 From the zeta potential values it also appears that as the amount of deposited AuNPs on TiO 2 surface is increasing the charge of overall nanocomposite is also increasing. The following Scheme 1 was proposed which shows the activation of TiO 2 by pretreatment of UV light and anchoring of AuNPs at the pretreated surface of TiO 2 .
10,24,32
The results of the above characterization techniques reveal that pretreatment of TiO 2 by irradiation of UV light activates and modifies the TiO 2 as shown in Scheme 1. During irradiation of TiO 2 the electrons in the valance band get excited and accumulated within the TiO 2 particles. 24 Then in the presence of sodium citrate, UV light, and pretreated TiO 2 , reduction of Au 3+ to Au 0 was enhanced which leads to small size and similar shape of AuNPs uniformly deposited at the surface of pretreated TiO 2 . It makes this protocol interesting and unique in case of type I compared to type II nanocomposite. In type II, mixture of TiO 2 and gold precursor were irradiated together while in type I, TiO 2 was pretreated with UV light and then the mixture of TiO 2 and gold precursor were irradiated again with UV light. The pretreatment helps in the small size, similar morphology and uniform distribution of AuNPs at the surface of pretreated TiO 2 .
Photocatalytic Activity. The photocatalytic activity experiment for type I, II and TiO 2 (P25, Degussa) were performed by the photodegradation of methyl orange in aqueous solution by UV light irradiation at room temperature. Methyl orange is a photostable dye and it cannot be photodegraded in the absence of any catalyst under UV or visible light irradiation. 31 Pure TiO 2 (P25) was used as a reference photocatalyst in the photodegradation experiments. Figure 5 (a) shows comparative degradation of methyl orange by type I, II and TiO 2 catalysts under UV light irradiation for 4 hours. The average degradation in terms of percentage of methyl orange in a solution can be calculated by using the following formula:
(1) where η is the degradation rate of methyl orange in terms of percentage, t is the reaction time, A 0 and A t are the initial and relic methyl orange concentration, respectively. 41 It was observed that type I shows higher catalytic activity than type II and pure TiO 2 . Figure 5 (b) shows a plot of ln(C o /C) vs. time for type I, II, TiO 2 and methyl orange. The photocatalytic activity for all the samples was quantitatively evaluated by calculating the respective pseudo first-order rate constants (k) according to the following equation: (2) where C o and C are the initial concentration and the reaction concentration of methyl orange at time t, respectively. 42 The graphs were fitted with linearity from which the rate constants (k) were determined. . The rate constant represents the photocatalytic activity of the samples. The higher the rate constant value, the faster the degradation of methyl orange and thus better the photocatalytic activity of the samples.
From this it seems that photocatalytic activity depends on the preparation method and the gold loading on TiO 2 . This finding suggests that crystallinity of the nanocomposites and particle size of deposited AuNPs plays important role in determining the photocatalytic activity. It is also supported by our XRD data and TEM studies.
43 From this, it was concluded that pretreatment of TiO 2 provides type I enhanced photocatalytic activity as compared to type II where pretreatment was not given to TiO 2 .
From the above discussion and scheme it is clear that, the electrons (having energies > 3.02 eV, band gap energy of TiO 2 ) were excited from valence band to conduction band by using the UV light of 254 nm and accumulated in the conduction band of TiO 2 .
24 Finally, distribution of electrons takes place between the pretreated TiO 2 and Au 3+ to facilitate the formation of AuNPs provided that they are in close contact. 44 Here the role of pretreated TiO 2 and sodium citrate are to act as reducing agent by providing electrons to Au 3+ to reduce Au
0
. This leads to the formation of uniform, similar morphology and small size of AuNPs at the surface of TiO 2 . The holes formed in the TiO 2 will migrate to the electrolyte interface and are scavenged by the OH -ions as shown in Scheme 1. 29 From the above discussion it is also clear that TiO 2 serves dual purpose, as a support for AuNPs and facilitating the formation of gold nanoparticles by providing electrons that were stored in the conduction band. In type I Au@TiO 2 nanocomposite, pretreatment of TiO 2 facilitate the formation of very small size (2-5 nm), similar morphology and uniformly deposited AuNPs at the surface of TiO 2 as it was clear from TEM and HRTEM micrographs. In comparison to type I, type II shows different pattern, because in this case pretreatment was not given to TiO 2 . This is in good agreement with the observation of the present protocol that Au@TiO 2 nanocomposites have very small size (2-5 nm) of deposited AuNPs at the surface of pretreated TiO 2 which has imparted it an enhanced and unique catalytic property. The photocatalytic degradation of methyl orange shows that type I where size of deposited AuNPs was in the range of 2-5 nm, has better degradation than type II, where the size of AuNPs was in the range of 15-25 nm. Similar results about the size-dependent catalytic properties of AuNPs deposited on titania have been obtained in earlier studies.
3,4
The advantage of our synthetic protocol is that we employed DI water as a solvent which does not have any adverse effect on the environment. Our protocol does not involve any expensive device or materials except UV lamp. The Au@TiO 2 nanocomposites obtained are highly stable in the reaction mixture as well as after isolation from reaction mixture in solid state to air and moisture which allows its smooth handling for various further applications. Moreover, it is a controlled synthesis. As it is already established that the size and morphology of gold nanoparticles may affect its reactivity. 3, 8, 20, 44 Therefore, from the dye degradation experi- ments it was observed that the newly synthesized nanocomposites (type I) shows enhanced photocatalytic activity compared to that of type II and TiO 2 which is more than double of TiO 2 photocatalytic activity. Type II shows similar catalytic activity to the conventionally synthesized nanocomposites. 30, 31 Hence, type I is better catalyst than the conventionally synthesized and type II nanocomposites. The pretreated TiO 2 and uniform deposition of small size (2-5 nm) AuNPs with similar shape has imparted type I with enhanced photocatalytic dye degrading ability than type II.
Conclusions
In conclusion, our protocol to synthesize the positively charged Au@TiO 2 nanocomposites provides easy, one-pot synthesis, comparatively fast (13 hours), nontoxic, controlled and inexpensive route. Small size (2-5 nm), similar morphology and uniform distribution of AuNPs at the surface of pretreated TiO 2 may provide unique characteristics to Au@TiO 2 nanocomposites (type I) which may be suitable for several applications such as photocatalyst. We performed dye degradation experiments of methyl orange and found that type I shows enhanced photocatalytic activity than type II and TiO 2 . In addition, this approach could also be used to synthesize other nanocomposites such as Ag@TiO 2 and Pt@TiO 2 .
